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We demonstrated a metamaterial absorber (MMA), which can be controlled by variation of conductivity
or temperature. The metamaterial (MM) structure is based on three individual layers of periodic split ring
resonator (SRR), a dielectric, and metallic ﬁlm. The resonant frequency of the designed structure is
numerically investigated at THz range of electromagnetic (EM) wave, which is explained by surface
current and equivalent LC-circuit. It was found that by replacing the metallic ﬁlm with VO2, the ab-
sorption intensity can be controlled by modiﬁcation of the conductivity through the optical pumping
power, while the absorption frequency is tuned by changing the temperature of InSb material ﬁlled into
two slits of SRR. It is expected that this work will allow switchable and tunable absorption behaviours for
applications of MMA.
© 2016 The Authors. Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).1. Introduction
The “THz gap” is a term formulated, in part, by the weak
response of natural materials to this frequency range of electro-
magnetic radiation. The recent appearance of engineered meta-
materials opens a new route to fulﬁl this gap. Metamaterials (MM)
have demonstrated unique properties in their ability to interact
with and control electromagnetic (EM) waves. A lot of behaviours
that are not observed in natural materials have been investigated.
MMs offer the potential to create quantitatively new phenomena,
such as negative refractive index media, superlenses, perfect ab-
sorbers (PAs), etc … [1e4]. Among these phenomena, PAs have
attracted intensive research interest in applications of solar energy
conversion and wireless power transfer, as well as other opto-
electronic devices [5e7]. The ﬁrst concept of absorbing all incident
EM radiation was introduced by Planck [8]. After that, absorption
devices have been built based on anti-reﬂection theory. However,
the band width of an absorber is quite narrow, thus limiting its
practical applications.
Since the pioneering work of Landy et al. in 2008 [1], meta-
material absorbers (MMA) were explored by controlling the
permittivity and permeability in such a way that the impedance is
matched with air and the EM wave simultaneously disappears via
resonance inside the dielectric layer without reﬂection. One of the
advantages of MMAs is the ability to use a wide frequency range,onal University, Hanoi.
y Elsevier B.V. on behalf of Vietnamsuch as MHz, GHz, THz, and even the optical range [2,9e12].
However, the operation frequency of MMAs is commonly ﬁxed,
which obstructs practical applications. Although a lot of effort for
creating MM-PA with tunable frequency, such as used functional
materials, various structures and parameters, have been reported
[9e11]. It is troublesome to make real samples [13].
In this work, we consider the MMA generated by a simple MM
structure consisting of three individual layers of periodic of gold
split ring resonators (SRRs) on the top, a dielectric slab in the
middle, and a gold ﬁlm at the bottom. The structural parameters are
chosen for frequencies of operation at the THz regime for a nor-
mally incident wave. The related key formulae are well known in
the literature and found here [14,15]. Then, we shall present and
discuss the spectral properties of MMs and their absorption char-
acteristics with variation of conductivity and the temperature-
dependent permittivity of the mutual metallic materials of VO2
and InSb, which replace key components of the SRRs. The numer-
ical results of the surface current distribution at resonant frequency
and the equivalent LC-circuit explain the mechanism of the ab-
sorption behaviours. Modiﬁcation of the conductivity and the
permittivity of VO2 and InSb in the MM structure allow the reso-
nant frequency and the absorption intensity to be controlled. Thus,
our proposed design may be of use in practical switchable or
tunable MMA applications.2. Simulation and analytical model
Fig. 1 shows the schematic diagram of MMA structure consisting
of three layers: (i) the top layer consists of periodicity (the latticeNational University, Hanoi. This is an open access article under the CC BY license
Fig. 1. Schematic diagram of MMA structure with input wave of normal incidence. The
geometrical parameters of gold split rings on the top layer are given by a ¼ 50 mm,
l ¼ 40 mm, G ¼ 5 mm, w ¼ 6 mm, tm ¼ 1 mm. In this example, the E-ﬁeld crossing to the
gap of the rings is used.
Fig. 3. The dependence of plasma frequency on conductivity (black, circles) and real
part of relative permittivity (blue, squares) of VO2.
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of l ¼ 40 mm, G ¼ 5 mm, w ¼ 6 mm, (ii) the middle layer is dielectric
with thickness ts ¼ 8 mm, and (iii) the bottom layer is a gold ﬁlm
covering the whole area. For the convenience and simplicity, the
thickness of metallic layer is chosen tm ¼ 1 mm.
The numerical simulations are performed by CST Microwave
Studio [13]. The propagation direction of the incident EM wave is
perpendicular to the surface of the structure while the (E, H) plane
is parallel, as shown in Fig. 1. Two ports were placed in front of and
behind the MM to simulate waveematter interaction and to export
S parameters. Then, the absorption is calculated through formula
A(w)¼ 1 R(w) T(w)¼ 1 jS11j2 jS21j2, where R(w)¼ jS11j2and
T(w) ¼ jS21j2 are reﬂection and transmission, respectively. Surface
current calculations are also performed [14]. The mechanism of the
MM absorber can be explained by an LC-circuit model under the
assumption that magnetic resonance is the result of the coupling
between an LC resonator and the incident ﬁeld. In this way, the
magnetic resonant frequency is calculated by the formula
fm ¼ 1=2p
ﬃﬃﬃﬃﬃ
LC
p
, where L and C are the effective inductance and
effective capacitance, respectively [15].3. Results and discussions
As shown in Fig. 2(a), an absorption peak of MM is observed at
0.5 THz with absorption intensity of 99%. Fig. 2(b) and (c) showFig. 2. (a) Simulated absorption spectrum of MM structure as depicted in Fig. 1, (b) and
(c) surface current distributions on the top and bottom layers at resonant frequency of
0.5 THz, respectively with the same scale is the inset, and (d) the equivalent circuit.surface current distributions on the top and bottom gold layers at
0.5 THz, respectively. The anti-parallel currents formed on the
top and bottom layers indicate that the absorption peak is caused
by magnetic resonance. To explain the origin of the magnetic
resonance, we applied the LC-circuit to ﬁnd the resonant peak.
The total conductance of the SRR structure can be obtained by
three different capacitances: Cm, the capacitance between the
SRR and the back layer; Ce, the capacitance between two neigh-
bour unit cells; and Cg, the capacitance formed by the two gaps.
From the equivalent circuit in Fig. 2(d), one can obtain
C ¼ Cm þ Ce þ Cg ¼ εsiε0c1Sts þ εairε0
l*tm
2ðalÞ þ εairε0w*tm2G , where εsi the
relative permittivity of silicon, ε0 is the absolute permittivity, εair
is the relative permittivity of the air, and S is the overlap area of
the SRR and the back layer with respect to the incident EM. The
parameter c1 is geometrical factor in the range 0:2  c1 <0:3 [15].
The total inductance, L, as calculated by the magnetic ﬁeld en-
ergy, is considered to be two parallel sub-SRRs (separated by the
dashed lines in Fig. 2(b)) and the total inductance can be
described by L ¼ Lm=2 ¼ 14m0tsl2ww þ 2wl þ
2ðl2wGÞ
w . A good agree-
ment between the simulated and calculated results (fm¼ 0.5 THz)
is observed at the geometrical factor is 0.26.
The absorption peak of a MM absorber can vary when struc-
tural parameters change. In this work, we used the metals VO2
and InSb to alter the absorption intensity as well as absorption
peak of MMs. Firstly, the absorption intensity can be controlled by
the conductivity. The gold bottom layer of MM structure is
replaced by VO2 with the thickness of 0.2 mm; greater than the
skin depth of VO2 in its metallic state. Because VO2 has a metal-
insulator transition at 340 K, its conductivity can be varied byFig. 4. Absorption spectra of MM structure with different conductivity values of VO2 ﬁlm.
Fig. 5. The dependence of temperature on plasma frequency and carrier density of InSb.
D.H. Luu et al. / Journal of Science: Advanced Materials and Devices 1 (2016) 65e68 67the optical pumping power. It was shown in [16] when different
pump powers (from ultra-short pulse or continuous wave laser)
illuminate this material, the metal/insulator state can be modu-
lated. The dependence of the plasma frequency on the conduc-
tivity and real part of relative permittivity for VO2 according to
Equations (1) and (2) are shown in Fig. 3. When the plasma fre-
quency of VO2 shifts to a higher frequency, the conductivity in-
creases while the real part of the permittivity decreases. This
behaviour can be explained by the Drude model. The complex-
valued permittivity of VO2 is given as:Fig. 6. (a) Schematic diagram of MMA structure with InSb is ﬁlled to the two gaps and (b) th
with different temperature when two slits of SRR ﬁlled by InSb material.ε ¼ ε∞  u2p
.
u2 þ iu=t (1)
where u is the angular frequency; ε∞ is the high-frequency value,
and t is the relaxation time. The plasma frequency can be rewritten
as a function of conductivity:
up ¼
ﬃﬃﬃﬃﬃﬃﬃ
s
ε0t
r
(2)
where s the conductivity of VO2 and ε0 is the permittivity of free
space.
Fig. 4 presents the absorption spectra of the MM structure for
several conductivities of VO2 ﬁlm. It clearly shows that the ab-
sorption intensity strongly depends on conductivity values of VO2.
When the conductivity is 30,000 S/m, VO2 acts as a metal and the
SRR can couple with back layer formed by VO2 in metallic phase.
Thus, resonance occurs and energy is trapped inside the MM. The
absorption peak at 30,000 S/m is almost identical to theMMbacked
with gold in Fig. 2. At lower conductivities, the incident EM wave
looks VO2 like insulator and the MM structure transmits and/or
reﬂects EM waves. This indicates that the absorption property of
MM structure can be switched by changing the conductivity of the
bottom layer through the optical pumping power.
Another way the absorption peak can be tuned is by tempera-
ture. To realize this, InSb is ﬁlled into the SRR gaps while thee equivalent circuit of its structure, (c) simulated absorption spectra of MMA structure
D.H. Luu et al. / Journal of Science: Advanced Materials and Devices 1 (2016) 65e6868keeping the bottom layer of MM structure as gold. The reason we
used InSb instead of VO2 to implement the tunable MM due to its
properties adopt with the excitation. When VO2 can change the
phase from insulator to metal according to the pumping power,
InSb ewe consider as semiconductor in the interested frequencies
can only change its conductivity. InSb can also be described by the
Drude model [17]. However, the intrinsic carrier density N of InSb
varies with temperature following the plasma frequency:
up ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Ne2

ε0m*
q
(3)
Where m* is the effective mass of free carriers, e is the electronic
charge, and ε0 is the free-space permittivity. In comparison to pure
metals, the plasma frequency up of InSb depends strongly on the
temperature T. The intrinsic carrier density (in m3) in InSb de-
pends on temperature as follows:
N ¼ 5:76 1020T32 exp

 0:26
2kBT

(4)
where kB is the Boltzmann constant and the temperature isin
Kelvin [18].
Fig. 5 shows the plasma frequency and carrier density of InSb at
different temperatures. The carrier density and plasma frequency
increase with temperature from 260 to 380 K. Consequently, InSb
shows a more metallic behaviour, which plays important role in
creating a thermally tunable MM.
Since the gap in the SRR is ﬁlled with InSb, the capacitance Cg no
longer exists and the total capacitance can be simpliﬁed as
C ¼ Cm þ Ce ¼ εsiε0c1Sts þ εairε0
l*tm
2ðalÞ þ εairε0w*tm2G , with the overlap
area S is the area of SRR and the two gaps. A schematic of the SRR
structure with InSb is shown in Fig. 6(a).
The total inductance comprises of three parallel inductors as
depicted in Fig. 6(a) and (b), in other words L ¼ ðL11 þ L12 þ L13 Þ1.
Since L2 is simply the magnetic inductance, L1 and L3 are given
by both magnetic inductance and kinetic inductance of the InSb
regions. Speciﬁcally, L1 ¼ L3 ¼ m0ts lwþ m0ts 2wl3wþ m
*
2tmNe2
and
L2 ¼ m0ts lwþ m0tsm0ts wl3w. Substituting the calculated results from
Equations (3) and (4) into the Drude model, we simulated the MM
structure at different temperatures. Fig. 6(c) shows the absorption
spectra at different temperatures. The absorption peaks shift to the
higher frequencies from 0.5 to 0.67 THz as the temperature increases
from 260 to 380 K. This indicates that themagnetic resonance can be
tuned by changing the temperature of InSb. The blue-shifted ab-
sorption peaks can be described by an equivalent LC circuit. When
temperature increases, the large carrier density of InSb leads to an
increase in the kinetic inductance, which raises the total inductance
of the MM structure. Therefore, the absorption peaks should shift to
higher frequencies, as shown in Fig. 6(c). It must be noted that the
total inductance of the InSb parts is numerically smaller than the SRR
with two gaps, therefore the absorption peak at 300 K is slightly
shifted to the higher frequency.4. Conclusions
We numerically studied a MMA based on the SRR structure at
the THz frequency regime. The absorption peak is caused by mag-
netic resonance. The absorption intensity and absorption frequency
of MMA can be switched via conductivity of VO2, which replaced
the gold ﬁlm backing and temperature of InSb, whichwas ﬁlled into
two gaps of SRR, respectively. The obtained result can be useful to
the practical switchable or tunable MMA applications.
Acknowledgements
This work was supported by Vietnam Academy of Science and
Technology (grant No.VAST 03.02/15-16).
References
[1] N. Landy, S. Sajuyigbe, J.J. Mock, D.R. Smith, W.J. Padilla, Perfect metamaterial
absorber, Phys. Rev. Lett. 100 (2008) 207402.
[2] B.X. Khuyen, B.S. Tung, N.V. Dung, Y.J. Yoo, Y.J. Kim, K.W. Kim, V.D. Lam,
J.G. Yang, Y.P. Lee, Size-efﬁcient metamaterial absorber at low frequencies:
design, fabrication, and characterization, J. Appl. Phys. 117 (2015) 243105.
[3] B.S. Tung, B.X. Khuyen, N.V. Dung, Y.J. Yoo, K.W. Kim, V.D. Lam, Y.P. Lee, Small-
size metamaterial perfect absorber operating at low frequency, Adv. Nat. Sci.
Nanosci. Nanotechnol. 5 (2014) 045008.
[4] Y.J. Yoo, H.Y. Zheng, Y.J. Kim, J.Y. Rhee, J.-H. Kang, K.W. Kim, H. Cheong,
Y.H. Kim, Y.P. Lee, Flexible and elastic metamaterial absorber for low fre-
quency, based on small-size unit cell, Appl. Phys. Lett. 105 (2014) 041902.
[5] B. Wang, K.H. Teo, T. Nishino, W. Yerazunis, J. Barnwell1, and, J. Zhang, Ex-
periments on wireless power transfer with metamaterials, Appl. Phys. Lett. 98
(2011) 254101.
[6] M. Langlais, J.eP. Hugonin, M. Besbes, P. Ben-Abdallah, Cooperative electro-
magnetic interactions between nanoparticles for solar energy harvesting, Opt.
Express 22 (2014) A577.
[7] Cumali Sabah, Furkan Dincer, M. Karaasla, E. Unal, O. Akgol, E. Demirel, Perfect
metamaterial absorber with polarization and incident angle independencies
based on ring and cross-wire resonators for shielding and a sensor applica-
tion, Opt. Commun. 322 (2014) 137.
[8] M. Planck, Uber das Gestz der energieverteilung im normalspektrum, Ann.
Phys. Leipz. 309 (1901) 553.
[9] B. Wang, T. Koschny, C.M. Soukoulis, Wide-angle and polarization-
independent chiral metamaterial absorber, Phys. Rev. B 80 (2009) 033108.
[10] N.V. Dung, P.V. Tuong, Y.J. Yoo, Y.J. Kim, B.S. Tung, V.D. Lam, J.Y. Rhee,
K.W. Kim, Y.H. Kim, L.Y. Chen, Y.P. Lee, Perfect and broad absorption by the
active control of electric resonance in metamaterial, J. Opt. 17 (2015) 045105.
[11] X.-R. Jin, J.W. Park, H. Zheng, S. Lee, Y.P. Lee, J.Y. Rhee, K.W. Kim, H.S. Cheong,
W.H. Jang, Highly-dispersive transparency at optical frequencies in planar
metamaterials based on two-bright-mode coupling, Opt. Express 19 (2011)
21652.
[12] V.T. Pham, J.W. Park, D.L. Vu, H.Y. Zheng, J.Y. Rhee, K.W. Kim, Y.P. Lee, THz-
metamaterial absorbers, Adv. Nat. Sci. Nanosci. Nanotechnol. 4 (2013) 015001.
[13] B.-X. Wang, L.-L. Wang, G.-Z. Wang, W.-Q. Huang, X.-F. Li, X. Zhai, Frequency
continuous tunable terahertz metamaterial absorber, J. Light. Technol. 32
(2014) 6.
[14] http://cst.com.
[15] J. Zhou, E.N. Economon, T. Koschny, C.M. Soukoulis, Unifying approach to left-
handed material design, Opt. Lett. 31 (2006) 24.
[16] F. Fan, W.eH. Gu, S. Chen, X.H. Wang, S.eJ. Chang, State conversion based on
terahertz plasmonics with vanadium dioxide coating controlled by optical
pumping, Opt. Lett. 38 (2013) 1582.
[17] J.D. Jackson, Classical Electrodynamics, third ed., Wiley, New York, 1999.
[18] J. Han, A. Lakhtakia, Semiconductor split-ring resonators for thermally tunable
terahertz metamaterials, J. Mod. Opt. 56 (2009) 554.
